. Genes for the type I enzyme have been cloned from bacteria (26), Saccharomyces cerevisiae (25), Schizosaccharomyces pombe (27), and human cells (8, 13) . The bacterial and eukaryotic genes are not homologous. However, the yeast clone is able to complement a bacterial topoisomerase I-deficient mutant (4), and recently a novel topoisomerase I gene from yeast with homology to the bacterial gene also was described (28).
How topoisomerases are involved in recombination is not yet clear. Yeast topl and top2 mutations show increased recombination specifically at rDNA3 repeats (5, 16) and not at other repeated sequences. A yeast mutation that gives hyperrecombination of repeated sequences, hprl, maps to a gene with homology to the carboxyl terminus of TOP1 (1) . Also, a yeast gene (TOP3) with homology to bacterial type I topoisomerase was identified in a screen for mutants with elevated rates of recombination between co elements (28) . These genes probably have overlapping functions because double mutants of topl with either a top3 or an hprl mutation have severely decreased growth rates, even though single topl deletions grow normally. The HPR1 and TOPIII genes seem to affect only intrachromosomal repeats, and it is not clear whether analogous genes are involved in interchromosomal homologous recombination.
We are interested in genetic recombination in Arabidopsis thaliana and have begun to analyze individual components that may be involved. Elsewhere (14) , we report the purification and characterization of a type I topoisomerase from the closely related crucifer Brassica oleracea var italica (broccoli). Here, we describe the cloning and characterization of a gene from A. thaliana that encodes a type I topoisomerase and that we have named TOP1. The gene is present as a single copy in the Arabidopsis genome. The cloned cDNA has an open reading frame of 2748 nucleotides, predicting a highly charged, basic protein with a mol wt of 104,000. The predicted protein sequence has 45% identity to that of the S. pombe gene. When expressed in a S. cerevisiae topl mutant, in which recombination at rDNA is specifically elevated (5) , the clone depresses rDNA recombination, indicating that it complements the mutation, and directs the expression of a protein that cross-reacts to an antibody made to human topoisomerase I.
MATERIALS AND METHODS Strains and Libraries
Strains and plasmids used and their sources are listed in Table I . The XFix (Stratagene) Arabidopsis genomic library and the Xgt1l (31) poly(A)-primed cDNA library were kindly provided by H. Goodman. The random hexamer-primed Xgtll Arabidopsis cDNA library was kindly provided by G.
Fink. The human antitopoisomerase I antibody (AFCDC9) was from the Centers for Disease Control (Atlanta, Georgia).
'Abbreviation: rDNA, ribosomal DNA. Figure 2 . Restriction maps of TOPI cDNA clones. The 5' end of the gene is indicated by MET, and the 3' end is indicated by AAAAA. The extent of the clones was determined by sequence analysis of the ends. pTop150 was derived from a poly(A)-primed cDNA library, whereas the others were from a random hexamerprimed library.
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Cloning of the Arabidopsis TOPI Gene A XFix genomic library was screened with radiolabeled 3.8-kb HindIII fragment containing the yeast TOPI cDNA as described (2) , with the following modifications. The plaques were fixed to the nitrocellulose filters and the DNA denatured by autoclaving for 5 min. Hybridization and prehybridization were performed in 35% formamide, 6 x SSC, 0.25% nonfat dry milk, and 0.1% SDS. Denatured probe was added after 1 h of prehybridization and hybridized overnight at 370C. The filters were washed with 2 x SSC, 0.1% SDS at room temperature three times for 10 min, followed by two washes in 0.2 x SSC, 0.1% SDS for 15 mi at 390C. The filters were then dried and exposed for 2 d using Kodak X-Omat film. Fifteen positive plaques were identified, plated at low density, and rescreened. DNA was prepared from the clones and further analyzed. Two final TOPI genomic clones were used to isolate cDNA clones from a random hexamer-primed and a poly(A)-primed cDNA library by screening at high stringency.
DNA Sequencing
DNA sequencing was performed using a Sequenase kit from United States Biochemical Corp. Sequencing deletion clones were obtained using nuclease Bal31 from New England Biolabs and were cloned into pKS-(Stratagene). DNA sequence analysis was performed using the University of Wisconsin Genetics Computer Group software as implemented locally at the Whitaker College Computer Facility.
Construction of pTopl 70
pTopl70 (see Fig. 7 ), which contains a complete copy of the Arabidopsis TOPI gene under the control of the yeast GALI promoter, was constructed as follows. The 1.9-kb SpeIPvuII fragment from pTopl50, the 1.2-kb XhoI-PvuII frag- (2) . Yeast cells were transformed by the lithium acetate method as described (12 Eight positive plaques were identified, which fell into two classes by restriction pattem. The larger of the classes (five members) encodes a protein with homology to yeast pyrophosphatase and is described elsewhere (15) . The remaining two clones, XTopl04 and ATop115 (see Fig. 1 ), overlap at their ends as shown by Southern analysis and DNA sequencing (data not shown), and represent a 25-kb stretch of Arabidopsis genomic DNA. The inserts from subclones pTop140 and pTopl42 (Table I , Fig. 1 ) were used to isolate four random hexamer-primed cDNA clones and a single poly(A)-primed cDNA clone, maps of which are shown in Figure 2 . The clones span a stretch of approximately 3 kb. This is the size anticipated for a TOPI cDNA, assuming a protein with a molecular mass of approximately 100 kD, which is the mol wt of topoisomerase I from most other eukaryotes (29, 30) , although topoisomerase I purified from broccoli has a molecular mass of 80 kD (14) . The inserts from these X clones were subcloned into the vector pKS-and sequenced. 
cer. kD, a discrepancy that may be due to proteolysis of the broccoli enzyme.
----------HELSSDDDDDVPLSQTLKKRKVASMNSASLQDEAEPYDSDEAISKIS--------------------------------------

Arab. 205 KLHQNGSTVKNEVPNGKVLGKRPLEKNSSADQSSLKKAKISASPTSVKMKQDSVKKEIDDKGRVLVSPKMKAKQLSTREDGTDDDDDDDVPISKRFKS Human 87 --------------------KRKEEKVRASGDAKIKKEKENGFSSPPQIKDEP------EDDGYFVPPKEDIKPLKRPRDEDDVDYK-----PKKIKT pombe 75 --------------------
SKKRAKVMGNGGLK---- NGKKTAVVKEEE------- DFNEIAKPSPKHKRVSKANGSKNGA-----KSAVKK cer.
--------------------KKKTKKIKTEPVQS------SSLPSPPAKKS------------------ATSKPKKIKKEDG--DVK-----VKTTKK
Arab. 307 SNTSSAKPKAVKLNSTSSAAKPKARNVVSPRSRAMTKNTKKVTKDSKYSTSSKSSPSSGDGQKKWTTLVHNGVIFPPPYKP--HGIKILYKGKPVDLT Human 159 KE------KKRKLEEEEDGKLKKPKNKDKDKKVPEPDNKKKKPKKEEEQKWKWWEEERYPEGIKWKFLEHKGPVFAPPYEPLPENVKFYYDGKVMKLS pombe 137 TD------DSVPLRAVSTVSLT-PYKSELPSGASTTQNRSPNDEEDEDEDYKWWTSENIDDTQKWTTLEHNGVIFAPPYEPLPKNVKLIYDGNPVNLP cer. 110 NE------KK---------------KRE-------EEEEEDKKAKEEEEEYKWWEKENEDDTIKWVTLKHNGVIFPPPYQPLPSHIKLYYDGKPVDLP
The protein sequence has striking homology to other sequenced TOPM genes (Fig. 4) ATCTATATAC TATGGATGAT TAATAAGTTT ATGCATTAAG TAATGAAAAT TTTTAAGTTT  TITrG=TGAC AAAATTCATT TTAACCTTTT TTAGTACTTG AAATAACTTT AATAATTTAC  AAATTAACTT TCAAATGGTT AAAAGTTTTG ATGACACATT GTTTCGTATA TCTAAATAGT  ATCTAAATGC TAAATTATCC GTTGATACGT AATTTTATCC CATAAGAATG TGGATATCCA  AATGCTAAAT TATCTATCGA CACGTAAATT TTTCTGATAA AAAATGTTAA GAGAATCCAA  ACGTTAAATT ATTTGATGAT ACATCGGATA AAAAATTGGA TTTCTTTTTA TTTCTGATTT  TATCCCCTAT TTTATTTACT TAAATATGCT TCACAATTTA GTAAATTAAC Upstream of the portion of the TOPI genomic sequence (Fig. 5 ) that corresponds to the start of the cDNA clone (Fig.  3) are two TATA-like sequences (19, 20) . No homology to other plant upstream activating sequences is obvious. Just before the likely RNA start site and overlapping the cDNA is a stretch of 45 nucleotides containing 42 purines. The significance of this sequence, if any, is not clear, although we have found a similar purine-rich stretch at the start of a cDNA encoding an Arabidopsis pyrophosphatase enzyme (15) . The 5' untranslated leader sequence appears to contain an intron, part of which has been sequenced. The intron donor splice site is consistent with the consensus plant sequence (3).
TOP1 Is Present as a Single Copy in the Arabidopsis
Genome
We digested Arabidopsis DNA (ecotype Columbia) with several restriction enzymes and analyzed it by Southern j.- Table I for a more detailed description of the strains. blotting using the 3' 1.5-kb EcoRI fragment from pTopl50 as a probe. In most cases, a single band was detected under moderately stringent conditions (Fig. 6) , indicating that the gene is present as a single copy in the Arabidopsis genome. Some enzymes (for example XbaI) gave a different pattern of bands than expected from the restriction map of the TOP1 genomic region (see Fig. 2 ). This is likely due to the fact that the restriction enzyme-digested DNA was from ecotype Columbia, whereas the TOPI clones (from which the probe was derived) were isolated from a library made with ecotype Landsberg erecta DNA.
Expression of the Clone in Yeast
A complete copy of the cDNA sequence of TOPI was constructed in vitro (see 'Materials and Methods') from a poly(A)-primed cDNA clone (pTopl50) and a random hexamer-primed cDNA clone (pTopl52) and placed under the control of the yeast GAL1 promoter (pTopl 70, Fig. 7) . A toplstrain of S. cerevisiae was transformed with pTopl70. The transformant, YAB100, proved unable to grow in the presence of galactose (Fig. 8) (Table II) . This indicates that the suppression of the sectoring phenotype is linked to pTopl70. Despite the phenotypic complementation, no topoisomerase I activity was detected in extracts of YAB100 grown with glucose and then shifted to galactose (not shown). This might be due to low activity of the Arabidopsis enzyme made in yeast, or to instability of the protein, either after cessation of growth in galactose or in the extract. We probed extracts of YAB101 (no insert) and YAB100 with human antitopoisomerase I antibody (AFCDC9). This antibody recognizes an approximately 100-kD protein in extracts made from YAB100 cells grown in galactose, but not control extracts made from YAB101 (Fig. 10) . Two other proteins of higher molecular mass are also detected by the antibody, but these bands are also present in extracts made from strains carrying the parent vector plasmid alone. Subsequent blots also showed a 30-kD band from YAB101 cells grown in galactose (not shown), indicating that significant proteolysis of the Arabidopsis TOPI protein takes place under certain conditions, which may explain the lack of detectable activity in extracts made from YAB100.
In conclusion, we have cloned and characterized a TOPi gene from Arabidopsis that is homologous to other eukaryotic TOP genes, particularly that of S. pombe. When the gene is expressed in S. cerevisiae, although topoisomerase activity is not detected in extracts, a phenotypic assay indicated that the gene product functions to complement a topl mutation and western analysis indicates that a protein is expressed from the clone that cross-reacts with an antibody directed against human topoisomerase I.
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